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RoughnessAbstract This paper presents and analyzes the experimental and numerical results of a series of
pullout tests under monotonous loading performed on ﬁve steel strips presenting various forms
of roughness (smooth, ribbed, punched, W-shaped, chain) and embedded in the same dry sand mas-
sif constituting the backﬁll. The pullout tests were conducted by means of a small-scale model and
the calculations carried out by using a ﬁnite elements computer program. Obtained results show a
good agreement between the experimental and numerical data. They show in addition that the
rough strips are more advantageous than the smooth strip. Among the rough strips considered,
chain is most relevant.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Essential purpose of the reinforcing of geotechnical structures
(cuts, backﬁlls, earth dams, etc.) is to ensure, in one way or
another, the improvement of the bearing capacity of constitu-
tive material and/or the limitation of the deformations, which
can undergo under the working loads. Reinforced earth tech-
nique is the typical example. This technique, invented and
patented by Vidal [1], has been the subject of many theoretical
and experimental studies on small-scale and large-scale models
[2–11]. It becomes increasingly regulated current practice [12],particularly in the road and motorway constructions (retaining
walls, abutments of bridges). But, the operation mechanism of
the composite material which is based on association between
the soil massif and the reinforcement system (steel strips, geo-
textiles, etc.) is not yet well-known. For a soil of given geotech-
nical characteristics, reinforcement using rough steel strips is
better felt than reinforcement using smooth steel strips.
However, the performance of the steel strips is being inﬂuenced
by their form, dimension and roughness’s disposition.
This paper has the aim of studying the behavior under
monotonous loading of ﬁve steel reinforcing soil elements pre-
senting various roughness shapes (smooth, ribbed, punched,
W-shaped, chain) and embedded in the same dry sand massif
constituting the backﬁll. It aims in addition at comparing the
performances of the ones compared to the others opposite to
the pulling loads to which they are subjected. The followed
experimental approach and the numerical simulation carried
578 M. Khemissa et al.out are described summarily. The corresponding experimental
and numerical results are also presented and analyzed.2. Experimental approach
The experimental data presented hereafter are based on a ser-
ies of pullout tests performed under monotonous loading by
means of a small-scale model constituting the experimental
device (Fig. 1) on ﬁve steel strips presenting various roughness
forms (Fig. 2) and embedded in the same dry sand massif con-
stituting the backﬁll [13].
Experimental device is composed of the following elements:
– a rigid metallic container with its internal dimensions of
100 cm long by 30 cm wide by 30 cm high, which isStripCounterweight
Engine
Lever arm
Pressur
Tire tub
Figure 1 Schematic section of the pullout test appa
Figure 2 View of the ﬁveprovided with a lid interdependent to a pneumatic tire tube
ensuring a uniform distribution of the vertical overload
applied on the top of the sand backﬁll;
– a hopper made up of a funnel resting on rail for ﬁlling of the
container with a sand of density gauged by adjustment of its
pluviation elevation;
– a loading system made up of a counterweight ﬁxed to a
lever arm for the monotonous loadings and of an electrical
engine provided with a revolution counter for the repetitive
loadings;
– a measurement system using weights for the loading and a
sensitive dial gauge for the displacements.
This device makes it possible to subject a steel strip embed-
ded in a sand massif of given geotechnical characteristics to
pullout forces under monotonous or repeated loadings.Sand
e gauge
Hopper
Dial gauge
e
ratus under monotonous and repeated loadings.
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considered steel strips.
Table 1 Material properties ﬁxed.
Sand
Dry unit weight cd (kN/m
3) 19
Young’s modulus Eref (kN/m
2) 5 · 104
Poisson’s ratio m 0.3
Cohesion cref (kN/m
2) 0.01
Interne friction angle u () 35
Dilatancy angle w () 5
Smooth Ribbed Punched W-shaped Chain
Strip
EA (kN/m) 0.50 · 104 1.01 · 104 0.63 · 104 2.34 · 104 1.64 · 104
Interface sand-strip
uint () 8.21 18.85 11.90 11.72 30.42
Rint 0.26 0.58 0.37 0.37 0.89
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whose geotechnical characteristics are as follows:
– speciﬁc unit weight: cs = 24.5 kN/m
3;
– dry unit weight: cd = 19 kN/m
3;
– effective interne friction angle: u0 = 35;
– coefﬁcient of uniformity: Cu = 2.53;
– coefﬁcient of curvature: Cc = 1.91;
– over to 2 mm: %<2 mm= 98.57;
– over to 0.08 mm: %<0.08 mm= 4.17;
– sand equivalent value: SE = 91% (visual) et SE = 86%
(with piston).
Considered steel strips are long of 1 m and consist of a
galvanized mild steel (yield strength: re = 240 MPa), whose
transverse geometrical characteristics are as follows:
– smooth strip: 0.8 mm of thickness and 30 mm of width;
– ribbed strip: 0.8 mm of thickness and 30 mm of width, rein-
forced by veins of the same thickness and separated by
5 mm;
– punched strip: 0.8 mm of thickness and 37.5 mm of width,
comprising rectangular perforations (15 · 30 mm2) sepa-
rated by 20 mm;
– W-shaped strip: 0.8 mm of thickness and 7.5 mm on side;
– chain: manufactured product of 6.85 mm thickness and
20 mm of width.
One notes that the sand was placed by pluviation method.
Each strip was subjected to three conﬁning pressures (rv = 25,
50 and 75 kPa) applied on the top of dry sand surface via an
air cushion connected to an air compressor. For each conﬁning
pressure considered, the pulling load was applied by incremen-
tally loading until demobilization of friction sand-strip (the
passage from one loading stage to another is carried out when
the strip ceases slipping).
3. Numerical modeling
For understanding the interaction mechanism between sand
and strips used in the experimental study and to highlight
the inﬂuence of their geomechanics parameters, pullout test
simulations were carried out using PLAXIS-2D (V8) ﬁnite ele-
ment computer program [14]. These simulations have the aim
of determining the interface properties corresponding to each
strip type considered starting from the experimental data pre-
sented above. Calculation model simulates a rigid containerFigure 3 Geometryﬁlled with dry sand conﬁned at its free boundary (at the top)
(distributed load A) which a steel strip is embedded and sub-
jected to a pulling load (point load B) (Fig. 3). The boundary
conditions are chosen by defect (blocked horizontal and verti-
cal displacements on basis of the model and blocked horizontal
displacement on its sides; free horizontal and vertical displace-
ments of the strip).
The strips are modeled as geogrid structural element char-
acterized by its axial rigidity (EA), where A represents the
strip’s section and E the Young’s modulus of its constitutive
material (steel). Sand is modeled as elastic–plastic behavior
Mohr–Coulomb material characterized by its ﬁve parameters
(E, m, c, u and w). Interface sand-strip is modeled as sand with
the following reduced characteristics:
cint ¼ Rintcsand
tanðuintÞ ¼ Rint tanðusandÞ
where csand and usand represent the sand’s shear parameters
and Rint the interaction coefﬁcient characterizing the strip’s
form (i.e. the form factor). Table 1 gives the material proper-
ties ﬁxed for sand, strips and their interface.
After mesh generation and initial stresses initiation (Ko-
procedure), the calculation comprised an application phase
of the considered conﬁning pressure (rv = 25, 50 or 75 kPa)
followed by an application phase of the strip’s pulling load.model adopted.
Figure 4 Example of the deformed mesh at ultimate pulling load under rv = 75 kPa for the smooth strip.
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Figure 5 Comparison of the experimental and numerical pullout
curves of strips.
580 M. Khemissa et al.The pulling load was maintained increasing until complete
demobilization of friction sand-strip (Fig. 4).
Calculations make it possible to determine the interface
properties (i.e. form factor’s values) corresponding to each
strip type and to examine the behavior of the ones compared
to the others.
4. Discussion of the experimental and numerical results
Fig. 5 shows the experimental and numerical pullout curves of
the tested ﬁve steel strips. These curves take quasi-similar
forms for all strips and describe a behavior characterized by
the increase in the strip’s pulling strength according to their
sliding (highlighted of friction mobilization by adherence
between the sand and strips) followed by a stage corresponding
to pullout ultimate strength. At this stage, no adherence can
exist between the sand and strips: the friction is entirely mobi-
lized (failure load by adherence defect). One can also note that
when the conﬁning pressure increases, the pullout rate
decreases but the failure strength increases. This explains that
the conﬁning pressure increasing agrees with a better adher-
ence between the sand and strips. In addition, one can note
a good agreement between the experimental and numerical
data.
Qualitative analysis of the experimental and numerical
results calls the following remarks:
– the ultimate pulling load increases with the conﬁning pres-
sure and is higher for the rough strips than for the smooth
strip;
– the pullout is more or less brutal for the smooth strip and
ductile for the rough strips;
– the surface roughness of strips inﬂuences positively the
composite material behavior and appears by the mobiliza-
tion of friction sand-strip (i.e. improvement of their
adherence);
– the apparent friction’s coefﬁcient sand-strip l* = smax/rvo,
where smax indicates the maximum shear stress and rvo = -
cz the soil weight, is higher for the rough strips than for the
smooth strip (Table 2);
– the factor of form Rint is higher for the rough strips than for
the smooth strip (Fig. 6);
– the interface friction angle sand-strip uint is higher for the
rough strips than for the smooth strip (Fig. 7).
Then, one can note that the rough strips are more advanta-
geous than the smooth strip. Among the rough strips consid-
ered in the present study, chain is most relevant because ofthe thrusts mobilized by the rings taking part in its anchoring
in the sand backﬁll.
Table 2 Ultimate pulling load Fult and corresponding apparent friction’s coefﬁcient sand-strip l
*.
rv (kPa) Strip
Smooth Ribbed Punched W-shaped Chain
Fult (kN) l
* Fult (kN) l
* Fult (kN) l
* Fult (kN) l
* Fult (kN) l
*
Experimental results
25 0.22 1.50 0.50 3.33 0.33 1.81 0.28 2.18 0.65 5.73
50 0.34 2.32 1.09 7.23 0.80 4.40 0.43 3.42 1.24 10.88
75 0.71 4.85 1.50 9.99 1.20 6.60 0.65 5.16 1.70 14.97
Numerical results
25 0.21 1.43 0.45 2.96 0.30 1.63 0.24 1.94 0.47 4.14
50 0.42 2.87 1.23 8.20 0.59 3.27 0.43 3.42 1.31 11.50
75 0.63 4.32 1.33 8.88 0.89 4.91 0.65 5.13 1.96 17.22
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Figure 6 Comparison of the experimental and numerical form
factor’s values.
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Figure 7 Comparison of the measured and predicted interface
friction angles values.
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Reinforced earth technique is current practice for reinforcing
of the geotechnical structures. However, some aspects of the
behavior of soil-strip interface remain not elucidated. The
operation mechanism of composite material depends on
geotechnical characteristics of the material constituting the
structure to be reinforced and of the geometrical and mechan-
ical characteristics of the reinforcement system used.
Experimental and numerical pullout tests results presented
in this paper constitute an additional proof of roughness’s
inﬂuence of reinforced earth elements and their interactionwith geotechnical structures. Comparative study made on
adherence and on pullout strength of ﬁve steel strips presenting
various forms of roughness makes it possible to conclude that
the rough strips are more advantageous than the smooth strip.
However, the performance of a rough strip is a function of the
thrust mobilized by the considered roughness form. Numerical
simulation carried out shows that it is possible to deﬁne the
factor of form for each type of roughness which can be intro-
duced into the computer programs for reinforced earth
elements.
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